Epidemiological studies showed that obesity and its related non-alcoholic fatty liver disease (NAFLD) promote hepatocellular carcinoma (HCC) development. We aimed to uncover the genetic alterations of NAFLD-HCC using whole-exome sequencing. We compared HCC development in genetically obese mice and dietary obese mice with wild-type lean mice fed a normal chow after treatment with diethylnitrosamine. HCC tumor and adjacent normal samples from obese and lean mice were then subjected to whole-exome sequencing. Functional and mechanistic importance of the identified mutations in Carboxyl ester lipase (Cel) gene and Harvey rat sarcoma virus oncogene 1 (Hras) was further elucidated. We demonstrated significantly higher incidences of HCC in both genetic and dietary obese mice with NAFLD development as compared with lean mice without NAFLD. The mutational signatures of NAFLD-HCC and lean HCC were distinct, with o 3% overlapped. Eight metabolic or oncogenic pathways were found to be significantly enriched by mutated genes in NAFLD-HCC, but only two of these pathways were dysregulated by mutations in lean HCC. In particular, Cel was mutated significantly more frequently in NAFLD-HCC than in lean HCC. The multiple-site mutations in Cel are loss-of-function mutations, with effects similar to Cel knock-down. Mutant Cel caused accumulation of cholesteryl ester in liver cells, which led to induction of endoplasmic reticulum stress and consequently activated the IRE1α/c-Jun N-terminal kinase (JNK)/cJun/activating protein-1 (AP-1) signaling cascade to promote liver cell growth. In addition, single-site mutations in Hras at codon 61 were found in NAFLD-HCC but none in lean HCC. The gain-of-function mutations in Hras (Q61R and Q61K) significantly promoted liver cell growth through activating the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/3-phosphoinositide-dependent protein kinase-1 (PDK1)/Akt pathways. In conclusion, we have identified mutation signature and pathways in NAFLD-associated HCC. Mutations in Cel and Hras have important roles in NAFLD-associated hepatocellular carcinogenesis.
INTRODUCTION
Hepatocellular carcinoma (HCC) is now increasingly diagnosed among obese individuals in Western countries and Asia. [1] [2] [3] [4] Hepatic manifestations of obesity and the metabolic syndrome are collectively termed non-alcoholic fatty liver disease (NAFLD). The clinicopathological spectrum of NAFLD widely ranges from hepatic steatosis to more aggressive form of non-alcoholic steatohepatitis. Recently, non-alcoholic steatohepatitis has been considered to be an important causative factor in HCC. 5 Large population-based cohort studies from United States, Europe and Asia demonstrate a 1.89-fold increased risk of HCC in obese cohorts compared with healthy controls. 6 Moreover, type 2 diabetes has also been identified as an independent risk factor for HCC. 7 Although the percentage of patients diagnosed annually with NAFLD-associated HCC (NAFLD-HCC) is still relatively low, this actual number is high due to a large global population of individuals with obesity and diabetes. Obesity-induced inflammation, insulin resistance and oxidative stress may be involved in the carcinogenesis of NAFLD-HCC. However, the underlying mechanism especially the genetic mechanism of NAFLD-associated liver carcinogenesis is still unknown.
Cel, the carboxyl ester lipase, functions in lipid metabolism, including uptake of cholesteryl ester in the liver and hydrolysis of cholesteryl esters. 8 Human CEL mutation has been reported to cause a syndrome involving diabetes. 9 But it has never been investigated in any kind of cancers. The Harvey rat sarcoma virus oncogene 1 (Hras) belongs to the ras superfamily. Hras is a GTPase that functions in converting GTP to GDP to transduct signal to regulate cell growth. Mutations in Ras protein coding genes including Hras have been reported in cancer. 10 However, the involvement of Cel and Hras has not yet been demonstrated in NAFLD-associated liver carcinogenesis.
In the present study, we demonstrated that dietary and genetic obesity are direct promoter of NAFLD-HCC development and then examined its mechanism of action. We combined the wholeexome sequencing and cross-species oncogenomics to identify important gene mutations related to NAFLD-HCC. We demonstrated the mutation signature and eight important metabolic and cancer-related pathways in NAFLD-associated HCC. We identified inactivating mutations in Cel and activating mutations in Hras that promoted the development of NAFLD-HCC. Furthermore, we elucidated the molecular mechanisms of these mutations in NAFLD-HCC.
RESULTS
NAFLD is associated with increased susceptibility of hepatocarcinogenesis in genetic and dietary obese mouse models To compare HCC incidence between obese and lean mice, we treated genetically obese (db/db) mice and wild-type lean mice with the carcinogen diethylnitrosamine (DEN) by intraperitoneal injection at age of 13-15 days; dietary obese mice were established using high-fat diet (HFD) at age of 2 months after administration of DEN to wild-type lean mice (Figure 1a ). At 7 months, both db/db and HFD obese mice had significantly higher body weight (47.0 ± 9.7 and 48.6 ± 2.3 g vs 29.3 ± 1.7 g; Po 0.001), liver weight (2.9 ± 0.9 and 2.6 ± 0.7 g vs 1.2 ± 0.2 g; Po 0.001) and liver-to-body weight ratio (6.2 ± 1.2 and 5.3 ± 1.3% vs 4.1 ± 0.4%; P o 0.05) as compared with wild-type lean mice. Typical hepatic steatosis was observed in livers of both obese mice but not in wild-type lean mice (Figure 1b) . HCC incidence was significantly higher in db/db mice (100%) and HFD-fed mice (100%) as compared with wild-type lean mice (40%) (P o 0.05). In addition, db/db and HFD mice also developed tumor nodes significantly more in number (24.1 ± 18.2 and 25.8 ± 11.0 vs 7.3 ± 11.1, P o0.05) and larger in size (4.6 ± 2.8 and 4.7 ± 1.6 mm 3 vs 1.5 ± 2.1 mm 3 ; P o 0.05) than wild-type mice (Figure 1c ). Similar findings in HCC incidence, tumor number and size were also observed at 8 months in both obese animal models Figure 1 . Obesity increases susceptibility of hepatocarcinogenesis in mice. (a) Schematic illustration of the treatment of wild-type (WT) control lean mice (n = 10), genetically obese (db/db) mice (n = 13) and dietary obese HFD mice (n = 10). Mice were killed at 7 months of age. Body weight, liver weight and liver-to-body weight ratio were examined. (b) Representative gross morphology of liver tumors and microscopic features of HCC in H&E-stained liver sections were shown. (c) HCC incidence, number of HCCs per mouse and maximal size of the tumors were examined. All comparisons are performed by unpaired t tests except incidence (Fisher's exact test). *Po 0.05, **P o0.001. T, tumor; N, nontumor. Means ± s.e.m. are shown in the bar charts, while means ± s.d. are indicated in the corresponding 'Result' . Figure 1) . These results demonstrated that NAFLD increased the susceptibility of HCC formation.
(Supplementary
Whole-exome sequencing revealed genomic alteration landscape in NAFLD-associated HCC To elucidate the genetic basis of NAFLD-associated HCC, tumor and adjacent non-tumor livers from two db/db mice and two wildtype lean mice were subjected to whole-exome capture sequencing. The average sequencing depth was 177.0 ± 31.6 × , covering 97.7 ± 0.1% of the targeted exome. Somatic and novel singlenucleotide variants (SNVs) and small insertions and deletions (indels) were identified by comparing tumor with adjacent nontumor samples and filtering against dbSNP128 database. A total of 282 novel non-synonymous SNVs and 1 exonic indel covering 277 genes were identified in tumors from db/db mice, while 271 novel non-synonymous SNVs covering 268 genes were found in tumors from control lean mice (no indel) (Figure 2a ). Eight mutated genes overlapped between the obese and lean HCCs. Among the mutation genes in obese mice, three genes including Cel, 4933432B09Rik and Ttn (titin) were found to be recurrently mutated in the two obese mice. Cel and 4933432B09Rik were mutated in obese mice only, while mutation in Ttn was also observed in one lean mouse (Figure 2a) . Therefore, two genes (Cel and 4933432B09Rik) were identified to be recurrently and specifically mutated in NAFLD-associated HCC.
Important pathways are specifically dysregulated by NAFLDassociated mutations during hepatocarcinogenesis To understand the dysregulated molecular processes in NAFLDassociated HCC, enrichment analysis of Kyoto Encyclopedia of genes and genomes (KEGG) pathway was performed using mutated genes identified in tumors from obese mice and wildtype mice, respectively. As shown in Figure 2b and Supplementary Table 1 , mutated genes in NAFLD-associated HCC were found to be enriched in eight cancer pathways (with ⩾ 4 genes involved in each pathway and P o 0.05) including calcium signaling, gap junction, focal adhesion, cytokine-cytokine receptor interaction, gonadotropin-releasing hormone (GnRH) signaling, chemokine signaling, mitogen-activated protein kinase (MAPK) signaling and pathways in cancer, while only two of these pathways, namely MAPK signaling and pathways in cancer, were affected by genetic alterations in lean mice (⩾4 genes, P o 0.05). This finding suggests that development of NAFLD-associated HCC involves genetic alterations in inflammation-related pathways (calcium signaling, 11 chemokine signaling, 12 cytokine-cytokine receptor interaction 13 and gap junction 14 ) besides cancer-related pathways (MAPK signaling, GnRH signaling, focal adhesion and pathways in cancer). Interestingly, mutated Hras was involved in six of the eight affected pathways in obese mice (Figure 2b ), demonstrating the functional importance of the mutated Hras in the dysregulated signaling network by genetic alterations during NAFLD-HCC development.
Validation refined recurrently mutated gene Cel in NAFLDassociated HCC Carboxyl ester lipase, encoded by the gene Cel, functions in lipid metabolism. 15 Therefore, mutations in Cel, which recurrently and specifically occurred in obese mice as revealed by exome sequencing, may take part in NAFLD-associated HCC development. We then further performed mutation examination on Cel by PCR and Sanger sequencing in tumor and adjacent non-tumor livers from 29 obese mice (16 db/db and 13 HFD) and 16 control lean mice. Somatic non-synonymous Cel mutations were found significantly more frequently in NAFLD-HCCs from obese mice (10/29, 34.5%) than in control lean HCCs (1/16, 6.3%) (P o 0.05; Figure 3a ). Moreover, mutations in the human ortholog CEL were only found in nutrition-associated HCC (3.75%, 3/80), but not identified in any virus infection-associated HCC (0/108) in TCGA database (Supplementary Table 2 ). Downregulation of CEL promotes cell proliferation by enhancing the cholesteryl ester level We further examined the expression level of CEL gene between nutrition-associated HCC and virus infection-associated HCC that was available in TCGA database. We found that the mRNA expression of CEL in nutrition-associated HCC (n = 78) was significantly lower than in virus infection-associated HCC (n = 56) (Figure 3b ). To understand the role of CEL in liver cells, we knocked down expression of CEL in the immortalized normal human liver cell line MIHA using shRNAs against CEL (Figure 3c ). Knock-down of CEL by two shCEL vectors (SH1 and SH2) significantly promoted cell growth as revealed by cell viability and colony formation (Figures 3d and e) assays, inferring downregulation of CEL promotes liver cell growth.
The CEL protein cholesteryl esterase functions in hydrolyzing cholesteryl esters. 7 We thus examined whether knock-down of CEL would alter the homeostasis of cholesterol and cholesteryl ester. As shown in Figure 4a1 , downregulation of CEL significantly increased the amount of cholesteryl ester in MIHA cells (Figure 4a1 ). Cholesteryl palmitate is a form of cholesteryl ester having liquid-crystalline states, thus suitable to be used in cell culture. 16, 17 Treatment with this liquid cholesteryl ester Figure 2A) . 18 This reduction in cholesteryl ester by Avasimibe subsequently reduced cell growth in CEL knock-down MIHA cells (Supplementary Figure 2B) . These results collectively suggest that downregulation of CEL promotes cell proliferation by increasing intracellular accumulation of cholesteryl ester.
Knock-down of CEL causes endoplasmic reticulum stress and consequent activation of IRE1α/c-Jun N-terminal kinase/c-Jun/ activating protein-1 pathway As the synthesis of cholesteryl esters occurs in the endoplasmic reticulum (ER), 19 we examined the effect of CEL knock-down on ER stress and the corresponding downstream signaling cascade. As shown in Figure 4b1 , knock-down of CEL in MIHA cells remarkably enhanced the protein expression of the ER stress marker GRP78. Moreover, the level of phosphorylated inositol-requiring enzyme-1α (p-IRE1α), a key regulator of the mammalian unfolded protein response (UPR), was also markedly increased, inferring CEL depletion causes ER stress and UPR by activating IRE1α. It is known that activated IRE1α triggers c-Jun N-terminal kinase (JNK). 20 Here, knock-down of CEL led to significantly enhanced levels of p-JNK and p-c-Jun (Figure 4b1 Figure 2C) , which further supporting that CEL functions via modulating the level of cholesteryl ester. Taken together, these results suggest that CEL depletion interferes with cholesterol metabolism, which promotes cell growth through enhancing ER stress and consequently activating IRE1α /JNK/cJun/AP-1 signaling pathway.
Loss-of-function mutations in CEL promote cell proliferation and activate IRE1α/JNK/AP-1 pathway through ER stress To understand the effect of mutations in CEL, biological function of mutations in CEL (CELD454N and CELD555N) was evaluated in MIHA cells. As shown in Figure 4c1 , ectopic expression of the mutants CELD454N and CELD555N significantly increased abnormal accumulation of cholesteryl ester as compared with wild-type CEL transfection in MIHA cells. In keeping with the induction of cholesteryl ester, CELD445N and CELD555N significantly promoted cell growth compared with wild-type CEL (Figure 4c2 ), suggesting that wild-type CEL possesses tumor suppressive effect through regulating cholesteryl ester homeostasis, which can be disrupted by its mutations.
We further evaluated the effect of mutant CEL on ER stress and consequent cascade. Ectopic expression of two CEL mutants remarkably increased protein levels of GRP78, p-IRE1α, p-JNK and p-c-Jun (Figure 4d1 ) and enhanced AP-1 activity (Figure 4d2 ). Furthermore, we detected an elevated level of cholesteryl ester in NAFLD-HCC compared with lean HCC tissues from mouse models (P o 0.05; Figure 4e1 ). Increased protein levels of p-IRE1α and p-cJun were also detected in NAFLD-HCC compared with lean HCC from mouse models (Figure 4e2 ). These results indicated that CEL inactivation may promote liver cell growth by inducing ER stress Mutations in Hras at codon 61 were identified in NAFLDassociated HCC We further performed mutation examination on Hras, mutation of which was involved in six out of eight pathways dysregulated in the exome-sequenced NAFLD-HCC from obese mice (Figure 2b and Supplementary Table 1 ). Mutations in Hras were further found in HCCs from two db/db mice and one HFD-fed mouse (3/29, 10.3%) but none of the wild-type lean mice (0/16, 0%) by PCR and Sanger sequencing. Interestingly, mutations found in NAFLD-HCCs were all present at codon 61 (Q61R and Q61K; Figure 5a ). Of note, mutations in human HRAS were observed in human cancers, with codon 61 being a mutation hot spot (Supplementary Figure 3) . These findings suggest that mutations in Hras at codon 61 may have a vital role in NAFLD-associated hepatocarcinogenesis.
Hras mutants promoted cell proliferation via MAPK signaling cascade Changing this glutamine/Q to Arginine/R or Lysine/K would potentially alter the basal activity of Hras, as this glutamine is involved in regulating the activity of GTPase. To determine the effect of these mutations, we ectopically expressed the wild-type and mutant forms of Hras (Q61R and Q61K) in MIHA cells. Expression of Hras mutants (Q61R and Q61K) significantly promoted colony formation and cell growth compared with wild-type Hras transfection as well as empty vector transfection (Figures 5b and c) MIHA cells. We further performed Ras activity assay to determine the effect of the mutations on Hras activity. Our results showed that the activities of Hras mutants Q61R and Q61K were significantly higher than wild-type Hras (Figure 5d ). These results demonstrate that Hras mutations at codon 61 (Q61R and Q61K) identified in NAFLD-HCC are activating oncogenic mutations.
To determine whether the Ras/MAPK and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT signaling pathways, known to be downstream of RAS proteins, 1 are regulated by the Hras activating mutations, we evaluated the activity of the key effectors of these pathways. As shown in Figure 5e , wild-type Hras only activated Ras/MAPK signaling by increasing p-MEK1/2 and p-ERK1/2; while mutants Q61R and Q61K activated both Ras/ MAPK and PI3K/3-phosphoinositide-dependent protein kinase-1 (PDK1)/AKT (including the factors of p-p85, p-PDK1 and p-AKT) signaling cascades in MIHA cells. Of note, a relatively higher level of p-p85 was detected in NAFLD-HCC compared with lean HCC from mouse models (Figure 5f ). The results therefore provide the 
DISCUSSION
In this study, HCC incidence, multiplicity and tumor size were significantly higher in obese mice with fatty liver as compared with lean mice, demonstrating that obesity promotes NAFLD-HCC development. This is supported by previous findings that obesity is a major HCC risk factor in human 21 and in animal models. 22 The DEN-induced HCC model was commonly used. [22] [23] [24] Although we used the chemical carcinogen DEN to accelerate HCC development in mice, the comparison between tumor and adjacent normal tissues, as well as comparison between obese mice and control lean mice, could eliminate the direct effect of DEN.
The remaining genetic alterations should be associated with NAFLD. Thus, this model is suitable for investigating the genetic alterations of NAFLD-associated HCC in this study.
We analyzed the somatic non-synonymous mutations that occurred during HCC development by comparing exome sequences of liver tumors and adjacent normal samples from genetically obese mice (db/db) or wild-type lean mice. We identified 277 mutated genes in NAFLD-HCCs from db/db mice and 268 mutated genes in lean HCCs from wild-type mice. Although similar numbers of mutated genes were identified in liver tumors from obese mice and control lean mice by exome sequencing (277 vs 268), mutated genes in NAFLD-HCC and lean HCC affected different pathways. Mutated genes in NAFLD-HCC were enriched in eight important cancer pathways while mutations in lean HCC only involved in two of these pathways Figure 4e2 for the same protein samples. (g) Mechanistic scheme of signaling cascade mediated by wild-type and mutant Hras. Data were expressed as mean ± s.d. *Po0.05, **P o0.01 and ***P o0.001 as compared with control vector transfection; as revealed by KEGG pathway enrichment analysis (Figure 2b) . In NAFLD-HCC, mutations laid on genes involved in Calcium signaling pathway, which regulates a broad range of cellular events including those important in tumorigenesis; 25 Gap junction, which participates in the regulation of cell growth and differentiation; 26 focal adhesion, which has important roles in cell motility, proliferation, differentiation and survival; 27 GnRH signaling, which functions in regulating cancer proliferation, metastasis and angiogenesis; 28 chemokine signaling, which is involved in tumor survival, metastasis and neovascularization; 29 MAPK signaling, which participates in cell proliferation, differentiation and migration 30 and two well-known cancer-related pathways, cytokine-cytokine receptor interaction and pathways in cancer. On the other hand, only MAPK signaling and pathways in cancer were significantly affected by mutations during HCC development in lean mice. Together, our finding reveals the genomic basis of NAFLD-HCC that is different from lean HCC.
Three genes, including Cel, 4933432B09Rik and Ttn, were found to be recurrently mutated in the obese NAFLD-HCCs. Ttn mutation was also found in one control lean HCC, suggesting that Ttn mutation may be important for HCC development but may not be specifically associated with NAFLD-HCC. 4933432B09Rik encodes an uncharacterized protein. Cel is of particular interest as it has been reported to serve as a compensatory protein to other lipolytic enzymes to complete digestion and absorption of lipid nutrients. 15 Malfunction of Cel may have a role in NAFLDassociated HCC development. The significantly higher mutation frequency in Cel was further validated in NAFLD-HCCs from 29 obese mice than lean HCCs from 16 control lean mice (Po 0.05). Importantly, mutation in human CEL was detected in 3.75% (3/80) of nutrition-associated HCC, but not in any virus infectionassociated HCC (0/108) in TCGA database (Supplementary  Table 2 ). Collectively, these results suggested a critical role of Cel mutations in the molecular pathogenesis of NAFLD-associated HCC. Since multiple Cel mutation sites were found in NAFLD-HCCs, these mutations would lead to loss-of-function that might involve in driving the development of HCC. Indeed our results, as illustrated in Figures 3 and 4 , showed that knock-down of CEL promoted cell growth by inducing cholesteryl ester accumulation and ER stress and subsequently upregulating UPR-related IRE1α/ JNK/c-Jun/AP-1 pathway. Importantly, similar to knock-down of CEL, mutant CEL (D454E and D555N) also remarkably induced liver cell growth through inducing cholesteryl ester accumulation, ER stress and activating IRE1α/JNK/c-Jun/AP-1 signaling cascade (Figure 4 ). The importance of JNK/c-Jun/AP-1 pathway in promoting cell proliferation in the development of HCC has been well elucidated. 31 Collectively, our findings suggest that dominant-negative mutations or depletion of CEL have an important oncogenic role in the pathogenesis of NAFLD-HCC by inducing the abnormal accumulation of cholesteryl esters, which results in ER stress and consequently activates IREα/JNK/c-Jun/ AP-1 signaling cascade.
Our cellular studies of CEL knock-down and CEL mutations revealed that cholesteryl ester would be a key player to promote liver cell growth. Reduction of cholesteryl ester by Avasimibe, an inhibitor of the cholesterol esterification enzyme ACAT, suppressed cell proliferation in CEL knock-down cells (Supplementary Figure 2) . Cholesteryl ester accumulation was reported to promote growth and invasion in PTEN-null prostate cancer cells, supporting its important role in cancer progression, but the molecular mechanism remained elusive. 32 In this study, we revealed that accumulation of cholesteryl ester caused by loss or inactivation of CEL activated the UPR-related IRE1α/ JNK/c-Jun signaling cascade, subsequently activating the transcriptional activity of AP-1 that regulates downstream genes involved in promoting cell proliferation. 33 It has been reported that ER stress significantly contributes to HCC development. 34 UPR belongs to a part of ER stress. We found that abnormal accumulation of cholesteryl esters led to activation of ER stress. Therefore, our study uncovered the mechanisms of cholesteryl ester accumulation by loss or inactivation of CEL in driving the development of NAFLD-HCC.
Hras was found to be mutated at codon 61 in only NAFLD mice by Exome sequencing. Pathway analysis showed that the mutated Hras participated in most of the pathways (6 out of 8) dysregulated by mutations in NAFLD-associated HCC. We further examined mutations in Hras in an enlarged cohort of samples by PCR and Sanger sequencing, and found it to be mutated in 10.3% of NAFLD-associated HCC (all at codon 61, Q61R or Q61K) and in 0% of lean HCC. This result demonstrated the important involvement of Hras mutation in the development of NAFLDassociated HCC. Therefore, the function of mutated Hras (Q61R and Q61K) was further investigated in in vitro experiments. As expected as the oncogenic mutation of Q61L, 10 Q61R and Q61K mutants were found to contribute to a significant effect on promoting cell growth by activating two oncogenic signaling cascades. These two mutants elicited PI3K/PDK1/Akt signaling pathway in addition to the MAPK pathway, while wild-type Hras activated MAPK signaling pathway only with a moderate effect of promoting cell growth ( Figure 5 ). Ras and ras-related proteins are often dysregulated in cancers by oncogenic mutations of Ras isoforms or its effectors in about one-third of all human cancers (http://www.sanger.ac.uk/genetics/CGP/cosmic). Furthermore, mutations in HRAS have been identified in human cancers, 35, 36 with codon 61 as a mutation hot spot (Supplementary Figure S3) . Alteration of the RAS-MAPK pathway has frequently been reported in human cancers as a result of activating mutations mainly in the RAS genes and results in the transcription of genes involved in controlling cell proliferation.
37 PI3K/PDK1/AKT, the second bestcharacterized RAS effector pathway, has important roles as mediators of RAS-mediated cell survival and proliferation. 38 The PI3K activation converts PIP2 (phosphatidylinositol (4,5)-bisphosphate) into PIP3 (phosphatidylinositol (3,4,5)-trisphosphate), then PIP3 propagates intracellular signaling by directly binding to proteins with PDK1 and AKT. The interaction between MAPK and PI3K/Akt pathways is important in RAS-mediated transformation of human cells. 39 Activation of these pathways contributed to the enhanced oncogenic effect of Hras mutants in liver cells. Since these mutations were only found in NAFLD-associated HCC but not in lean HCC, mutations in Hras at codon 61 should be one of the driving events to promote liver tumorgenesis under obese condition (Figure 5f ).
In conclusion, this study defined the important role of obesity in promoting NAFLD-HCC initiation and development in animal models. We found the specific mutational signatures and pathways of NAFLD-associated HCC by whole-exome sequencing ( Figure 6 ). Specifically, we revealed that loss-of-function mutations in Cel and gain-of-function mutations in Hras are associated with NAFLD-HCC. Both Cel inactivating mutations and Hras activating mutations promote liver cell growth. The mechanisms by which inactivating mutations in Cel promote liver cell growth are mediated by the accumulation of cholesteryl ester, leading to induction of ER stress and consequent activation of the IRE1α/JNK/ c-Jun/AP-1 signaling cascade; while activating mutations in Hras (Q61R and Q61K) promote liver cell proliferation by activating Ras/ MAPK and PI3K/PDK1/Akt pathways. Interestingly, the signaling cascades activated by the mutated Cel and Hras are both associated with the MAPK signaling pathway, which is significantly dysregulated by mutated genes in NAFLD-HCC (Figure 2b and 6) . Our findings illustrate a comprehensive genomic landscape and highlight the specific molecular events and signaling pathways in the pathogenesis of NAFLD-HCC.
MATERIALS AND METHODS

Animals and treatment
Genetically obese male mice (C57BL/6 db/db) deficient in leptin receptor activity were kept on normal diet (n = 9-13/group). Dietary obese mice were established by keeping wild-type C57BL/6 male mice on HFD (D12492, Research Diets Inc., New Brunswick, NJ, USA), in which 60% of calories were derived from fat, since 2 months of age (n = 9-10/group). Wild-type mice kept on normal diet were control lean mice (n = 10/group). All mice received a single intraperitoneal injection of DEN (5 mg/kg body weight; Sigma Chemical Co, St. Louis, MO, USA) at age of 13-15 days, and were killed at 7 or 8 months. Body weights were recorded. Livers were rapidly excised and weighed. The presence and dimensions of surface nodules were evaluated. HCCs were confirmed histologically from either grossly or histologically evident nodules. Liver tumors and adjacent liver tissues were isolated, snap frozen in liquid nitrogen and stored in − 80°C for further experiments. Tumors and adjacent non-tumor livers from 16 db/db mice, 13 HFD-fed mice and 16 wild-type lean mice (some recruited from additional cohorts due to the low incidence of HCC in wildtype lean group) with large enough tumors were subjected to DNA extraction. All animal studies were conducted in accordance with guidelines by the Animal Experimentation Ethics Committee of the Chinese University of Hong Kong.
Whole-exome sequencing DNA samples of paired tumor and adjacent normal tissues from genetically obese mice and control lean mice were subjected to whole-exome sequencing. Exome capture was performed using the SureSelect Target Enrichment System (Agilent, Santa Clara, CA, USA). Captured libraries were sequenced by HiSeq2000 (Illumina, San Diego, CA, USA). An average of 177x sequencing depth of target regions was obtained for each sample (Supplementary Table 3 ).
Reads alignment
The whole-exome sequencing reads were mapped to the UCSC mm9 reference genome (http://genome.ucsc.edu/) using the Burrows-Wheeler Aligner. 40 The likely PCR duplications with the same match interval on the genomic sequence duplications were removed by Samtools. 41 Local realignment around indels was done by GATK to improve alignment quality and help reducing the false discovery rate in the following mutation detection analysis. 42 SNVs identification Candidate SNVs with mutated allele frequency more than 15% in cancer tissue and no more than 2% in paired normal tissue (Fisher's exact test, Po0.05) were further filtered by the following thresholds: high-quality (Q410) coverage ⩾ 10 × for each sample; reads supporting the mutated allele not a result of sequencing error (Binomial test, f = 0.1, P40.01); sequencing quality scores for mutated alleles not lower than normal alleles (Wilcoxon rank-sum test, P40.01); mutated alleles not come from repeatedly aligned reads (Fisher's exact test, P40.01). Mutant alleles should not be enriched in 10 bps of 5' or 3' ends of reads (Fisher's exact test, P40.01). The resulting somatic SNVs were filtered against the Single Nucleotide Polymorphism database (mouse dbSNP128) to identify novel SNVs Annotation was performed by ANNVAR. 43 
Indels identification
Candidate somatic indels were first predicted by GATK SomaticIndelDetector with default parameters. 42 Then predicted indels were filtered if (1) total coverage at the site o30 × ; (2) average mapping qualities of consensus indel-supporting reads o30; (3) average number of mismatches per consensus indel-supporting read ⩾ 2; (4) average quality of bases from consensus indel-supporting reads o20; (5) median of indel offsets from the ends/starts of the reads within 10 bp or (6) percentage of forward-or reverse-aligned indel-supporting reads o20%. Resulting somatic indels were filtered against dbSNP128. Annotation was performed by ANNVAR. 
Plasmid construction
Mammalian expression vector pCMV-CEL was purchased (Origene, Rockville, MD, USA). CEL mutants D454E and D555N were generated by site-directed mutagenesis with primers in Supplementary Table 4 . Wildtype and mutant (Q61R and Q61K) Hras were amplified from cDNA prepared from samples with wild-type or mutant Hras and then cloned into mammalian expression vector pcDNA3.1-His.
Gene expression knock-down
Commercially available vectors expressing shRNAs against CEL (TR313998) and control vector (TR30012) were purchased (Origene). Among the four shRNA plasmids against CEL provided in the kit, TR313998B (SH1) and TR313998C (SH2) achieved satisfactory knock-down effect.
Cell culture
The human immortalized liver cell line MIHA (a gift from Prof. Xinyuan Guan, Hong Kong University) was maintained as monolayer culture in high glucose Dulbecco's modified Eagle's medium with 10% of fetal bovine serum and 1% of penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . Transfection was performed using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol.
Western blot analysis
Total protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto PVDF membranes (GE Healthcare, Piscataway, NJ, USA). The membrane was incubated with primary antibodies overnight, and then with secondary antibody at room temperature for 1 h. Proteins of interest were visualized using ECL Plus Western blotting Detection Reagents (GE Healthcare). The antibodies used were listed in Supplementary Table 5 .
Cell viability assay
Cell viability of stably transfected cells was examined using the Vybrant MTT Cell viability Assay Kit (Life Technologies) according to the manufacturer's instructions. All experiments were conducted three times in triplicates. Figure 6 . Schematic summary of this study. Genes harboring nonsynonymous somatic mutations were identified in NAFLD-HCC mice, affecting eight cancer signaling pathways. Among all mutated genes, Cel and Hras are of particular interest. Mutations in these two genes both have oncogenic effects with different mechanisms. Cells (2 × 10 4 /well in 6-well plates) were transfected with the corresponding plasmids, and treated with G418 (0.5 mg/ml) 48 h post transfection. After 7-10 days, cells were fixed with 70% ethanol and stained with 0.5% crystal violet solution. Colonies with more than 50 cells were counted. All experiments were conducted three times in triplicates.
Colony formation assay
Dual-luciferase reporter activity assay AP-1-Luc luciferase reporter plasmid containing 7 × AP1 binding sites (0.1 μg/well) and pRL-CMV vector (2.5 ng/well) was co-transfected with pRL-CMV vector (2.5 ng/well) to cells (1 × 10 5 cell/well) in 24-well plates. Luciferase activity was measured at 48 h post transfection by the Dual Luciferase Assay System (Promega, Madison, WI, USA). The experiments were conducted three times in triplicates.
Enrichment analysis of KEGG pathways
Somatically mutated genes identified in tumors from genetic obese mice or control lean mice were subjected to KEGG pathway enrichment analysis using the Gene Set Analysis Toolkit V2 (http://bioinfo.vanderbilt.edu/ webgestalt/). Hypergeometric test and BH multiple test adjustment were used. All genes from human were used as a reference. Pathways with at least four genes and adjusted Po0.05 were identified as significantly enriched.
Mutations in CEL and HRAS and expression of CEL in human HCC
Mutations in CEL were evaluated in raw sequencing data from 80 human HCC associated with nutritional factors, such as NAFLD and alcohol consumption, in comparison with those from 108 HCC associated with viruses infection (hepatitis B virus and hepatitis C virus). To discover low frequency mutations that might be ignored in the TCGA level 3 data, we have analyzed the raw TCGA level 1 data using MuTect with the following parameters: (1) minor allele frequency ⩾ 0.05, (2) altered allele in tumor ⩾ 3 and altered allele in normal o 2, (3) LOD T cutoff = 5.2 and (4) cross individual contamination 0.005. HRAS mutation data and CEL mRNA expression data were downloaded from TCGA database at cBioPortal Cancer Genomics (http://www.cbioportal.org/public-portal/index.do).
Cholesterol and cholesteryl ester measurement
Cholesterol/Cholesteryl Ester Quantification Kit (ab65359) was purchased (Abcam, Cambridge, MA, USA) for the detection of the levels of hepatic cholesterol and cholesteryl ester. Experiments were conducted three times in duplicates according to the manufacturer's instructions.
Cholesteryl palmitate treatment
Cholesteryl palmitate (Sigma) was dissolved in solvent composed of chloroform:methanol (1:1; v/v) and 0.1% of Triton X-100. A concentration of 25 nM of Cholesteryl palmitate was used to treat cells.
Hras activity assay
Ras activity was assessed using the Active Ras Detection Kit (Cell Signaling Technologies, Boston, MA, USA), which pulls down active Ras only, according to the manufacturer's instructions. Then western blot was performed to measure the levels of pulled-down (active forms) wild-type and mutant Hras.
Statistical analysis
The chi-square test was used for the comparison of tumor incidence and prevalence of gene mutation in different groups. Numeric data were presented as mean ± s.d., and compared by t-test or Mann-Whitney test. All statistical tests were performed using Graphpad Prism 5.0 (Graphpad Software Inc., San Diego, CA, USA) and Statistical Package for Social Sciences version 16.0 (SPSS, Chicago, IL, USA). A P-value of o0.05 was considered as statistically significant.
ABBREVIATIONS
ACAT, Acyl-CoA:cholesterol acyltransferase; CEL, Carboxyl ester lipase; DEN, diethylnitrosamine; ER, endoplasmic reticulum; GnRH, Gonadotropinreleasing hormone; HCC, hepatocellular carcinoma; HFD, high-fat diet; Hras, Harvey rat sarcoma virus oncogene 1; JNK, c-Jun N-terminal kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; NAFLD, non-alcoholic fatty liver disease; PDK1, 3-phosphoinositide-dependent protein kinase-1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PIP2, phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; SNV, single-nucleotide variant; indel, small insertion and deletion; Ttn, titin; UPR, unfolded protein response.
